104
thoroughly ground, palletized, and sintered at 1050 o C for 20 h. Annealing treatments were performed in flowing (200 ml/min) O 2 and N 2 (both with purity >99.999%) at 800 o C for 2 h. The temperature-dependent dielectric properties were obtained using a Wayne Kerr 6500B precise impedance analyzer with the sample mounted in a holder placed inside a PST-2000HL dielectric measuring system. The temperature variations were automatically controlled using a Stanford temperature controller with a heating rate of 3 o C/min. The system can provide a high temperature range from room temperature to 1000 o C. The ac measuring signal was 100 mV rms. Electrodes were made by printing Pt paste on both sides of the disk-type samples and then fired at 800 o C for 1 h in order to remove the polymeric component. Figure 1 shows a representative diagram of the variation in dielectric constant ( ' ε , the real part of the complex permittivity) with temperature at various frequencies for an as-prepared CTO pellet (with diameter of ~ 12 mm and thickness of 1.82 mm). At first glance, '( ) T ε exhibits two diffuse dielectric anomalies located at 250 o C and 600 o C, respectively. Both anomalies are characterized by: (i) a broad peak in '( ) T ε , with the peak getting smaller and shifting to higher temperature as the measuring frequency increases; and (ii) the lowtemperature side of the peak shows strong frequency dispersion, whereas the hightemperature side almost exhibits frequency independence. These behaviors are similar to those of relaxors [12] . It seems that the sample might be a relaxor, and therefore, the anomalies are expected to be related to ferroelectric phase transitions. To check out this possibility, we conducted high-temperature XRD measurements. Figure 2 presents the XRD patterns measured at several temperatures. Besides the fact that all the reflections move to lower two theta values with increasing temperature due to thermal expansion, no alien reflections were detected. This indicates that the ilmenite structure maintains to at least the highest measuring temperature of 900 o C. The Jade refinements reveal that the lattice parameter a shown in Fig. 3 exhibits two linear lines with an inflection point of 662 o C, suggesting that CTO undergoes a structural phase transition at the inflecting temperature. This transition temperature is much higher than that of the high-temperature anomaly indicating that the observed anomalies could not be associated with paraelectric-ferroelectric phase transitions, and also suggesting other mechanism underlies the anomalies. To date, several mechanisms unrelated to true relaxor that can produce a relaxor-like anomaly have been proposed. These mechanisms can be classified into three types: (i) the dipole model associated with different mobile defects based on the universal feature that the anomaly is very sensitive to the oxygen vacancy especially for the titanate perovskites [13] [14] [15] ; (ii) the Maxwell-Wagner model due to electrical inhomogeneity in the tested sample [16] [17] [18] [19] ; and (iii) the competitive phenomenon between the dielectric relaxation and the electric conduction of the relaxing species [20] [21] [22] . Before clarifying which mechanism underlies the observed anomalies, details about the nature of these anomalies are required. We thus take a careful examination of both ' ε and loss tangent ( tan
Results and discussion
, where "
ε is the imaginary part of the complex permittivity) at 300 Hz in a half-logarithmic representation as displayed in Fig. 4 . From which some complicated features can be seen: (1) There are two steplike increases in the low-temperature side for each anomaly. The beginnings of the steplike increases were indicated by vertical lines and termed as A, B, C, and D from low-to high-temperature. (2) Corresponding to each beginning of the steplike increase, there exists a peak in loss tangent. Although the peak in tanδ for D-steplike increase is invisible because of the increasing background as will be mentioned in the following feature, this peak will be well developed as later discussed by thinning the sample. (3) Corresponding to each anomaly, the tanδ increases rapidly with increasing temperature. This feature is much more pronounced in the curve of "( ) T ε (not shown here). Since a steplike increase in '( ) T ε accompanied by a peak in tan ( ) T δ at the beginning temperature of the increase (or by a peak in "( ) T ε at the middle temperature of the increase) is a hallmark for a Debye-type relaxation caused by dipolar or Maxwell-Wagner polarization. This implies that each anomaly contains two Debye-type relaxations. A diffuse dielectric anomaly consisted of two peaks in a thinning sample had been already reported by Stumpe et al in the single crystal of BaTiO 3 [16] . To identify whether the high-temperature anomaly in CTO is composed of two relaxations, we conducted dielectric measurements after two consecutive thinning processes by polishing the pellet evenly from both sides. After each process, dielectric properties were measured as a function of temperature. The results after each process as well as the result of the asprepared sample are depicted in Fig.5 for comparison. Compared with the as-prepared sample, it can be clearly seen that the thinned sample exhibits distinct two steplike increases for both anomalies in the curve of '( ) T ε ( Fig.5 (a) ). Correspondingly, two peaks in loss tangent related to the increases can be well identified (Fig.5 (b) ). This result indicates that each anomaly in CTO is truly composed of two relaxations. Relaxor-like anomaly was widely reported in various materials [23] . There is a wide consensus that the anomaly appeared in the temperature range of 400 -900 o C in oxide materials, especially for those containing titanium, is related to oxygen vacancies [13] . This suggests that the high-temperature anomaly in CTO may be related to oxygen vacancy. In order to confirm this inference, the as-prepared sample used in Fig.1 was annealed firstly in O 2 and then in N 2 atmospheres. After each annealing treatment, dielectric properties were measured as a function of temperature. Figure 6 compares the results of '( ) T ε at 300 Hz before (as-prepared) and after O 2 -and N 2 -annealing treatments. One can clearly see that the O 2 -annealing treatment greatly destroys the high-temperature anomaly, but the N 2 -annealing treatment enhances this anomaly. But these annealing treatments give rise to opposite effects to the low-temperature anomaly, i.e., oxygen annealing strongly enhances the low-temperature anomaly, and after nitrogen annealing this anomaly even disappears. These results reveal that oxygen vacancies favor for the high-temperature anomaly and www.intechopen.com seriously destroy the low-temperature anomaly. It therefore follows that the oxygen vacancy is truly at the origin of the high-temperature anomaly. It also strongly suggests that the low-temperature anomaly is closely related to positively charged relaxation species, considering the fact that the oxygen vacancies actually act as donors in the sample. Since the cobalt as a volatile element is easy to be lost during the sintering process as reported by many authors [8, 24] . The ionization of cobalt vacancies creates holes [8] , naturally, the Co vacancies could be suggested as the most probable origin of the low-temperature anomaly. To confirm this point, 5-and 10-wt% Co 3 O 4 were added into the resulting CTO powder with the purpose of reducing the Co loss. Details about the preparation of the Co 3 O 4 -containing samples were given in the experimental procedure. The results of the real and imaginary parts of the dielectric permittivity for the pure and Co 3 O 4 -containing samples were shown in Fig. 7 . From the real part (upper panel), it can be seen that the intensity of the lowtemperature anomaly gradually decreases with increasing Co 3 O 4 content. This feature can be clearly seen from the imaginary part (lower panel), which also reveals that the rapid increasing background becomes much more remarkable with increasing Co 3 O 4 content (please note the logarithmic scale of " ε ). These results confirm the suggestion that the lowtemperature anomaly is associated with Co vacancies. It seems clear that the low-and high-temperature anomalies are associated to the cobalt and oxygen vacancies, respectively. However, a pertinent question is, why each of the anomaly contains two relaxation processes? Before answering this question, further information about the nature of the relaxing species is needed. A more sophisticated analysis of the frequency-dependent dielectric behavior can give some insight to this issue. This is done in Fig.8 showing "( ) f ε for the as-prepared CTO at several selected temperatures. Perfect linear lines were observed in the double-logarithmic representation covering the entire measuring temperature range. This feature indicates that the dielectric behavior follows the universal power law [25] , i.e., 
where () BT and the frequency exponent s (with the value between 0 and 1) are temperature-dependent constants. The values of 1 s − deduced from the straight lines were plotted in Fig. 9 , from which one can see that 1 s − decreases rapidly with increasing temperature, until at about 250 o C, it registers a peak, then decreases again and reaches a saturation value of -1 at temperatures above 400 o C. Since the value of s actually scales the extent of charger carriers been localized [26] , e.g., in the case of s =0, Eq. (1) shows the usual reciprocal frequency behavior, and the system is nondispersive transport of free charge carriers process; for 1 s = , Eq. (1) reduces to " constant ε = , the system has the feature of nearly constant loss relating to strictly localized carriers [27, 28] ; while for 0 1 s <<, the system obeys the universal power law with confined hopping carriers. It, therefore, follows that the relaxing species for the low-temperature anomaly are confined carriers and for the high-temperature anomaly are free ones. The peak in 1 s − might imply an alteration of the relaxing species changing from acceptor defects (cobalt vacancies) to donor defects (oxygen vacancies). Based on the nature of the relaxing species, the low-and high-temperature anomalies can be explained reasonably: First of all, the vacancy hopping motions between spatially fluctuating lattice positions not only produce long distance charge transport leading to notable conductivity but also give rise to dipolar effect. The former aspect results in a nearexponential increase in " ε (or tanδ ) as indicated in Fig. 4 ; the later makes a significant contribution to dielectric permittivity in the form of dipolar moment-reorientation relaxation under an alternative electric field. Both aspects can be described, as already confirmed, by the universal power law. Furthermore, the long distance transport of vacancies can be blocked by interfaces (e.g., grain boundaries) and sample surfaces, creating space charge there and Maxwell-Wagner relaxation. Therefore, the hopping vacancies can produce both the dipolar and the Maxwell-Wagner relaxations. This is the reason why each anomaly consists of two relaxation processes. Secondly, both relaxations can be described by Debye-like relaxation equations [19, 29] :
where ω is the angular frequency, τ is the mean relaxation time, σ is the electrical conductivity of the sample, s ε and ε ∞ are the electric permittivity at low-and high- ε , and as a consequence, the anomaly shifts to higher temperatures for higher measuring frequencies, leading to the diffuse nature of the anomaly. So, we can come to the conclusion that the observed anomalies originate from vacancy defect-induced Debye-like relaxations with strongly temperature-dependent relaxation strength. Further evidence supporting this conclusion is the relation between the anomaly intensity and the temperature. Since the Debye-like relaxation occurs around the temperature where 1 ωτ = is www.intechopen.com
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One has:
Therefore a straight line should be obtained if log() T Ω is plotted as a function of 1/T . We truly found this linear behavior for the low-temperature anomaly as shown in the inset of Fig. 9 . But for the high-temperature anomaly, Eq. (7) is not suitable. This is because that the relaxing species of the low-temperature anomaly are confined cobalt vacancies, whose number will exponentially decrease with increasing temperature as more and more vacancies become free ones. Hence, Eq. (7) works for the confined vacancy defect-induced anomaly. Whereas for the high-temperature anomaly, the number of the relaxing carriers is a constant, because the relaxing species were confirmed to be free ones. In this case, the anomaly intensity should be in proportional to the inverse temperature. This inference was confirmed as seen from the inset of Fig. 9 . These results substantially support the point that the observed anomalies are associated with the relaxation processes induced by vacancy defects. 
Conclusions
In summary, two diffuse dielectric anomalies were observed in CoTiO 3 ceramics. The lowtemperature anomaly situated at around 250 o C was found to be related to Co vacancies, while the high-temperature one appeared at about 600 o C was ascribed to O vacancies. The hopping motions of these vacancies firstly create a dipolar relaxation and then a MaxwellWagner relaxation as the hopping carriers blocked by the interfaces and surfaces of the samples. Both relaxations obey the Debye-like relaxation equations but with the relaxation strength depending strongly on the temperature. The appearance of the anomalies is a competition process between a '( ) T ε increasing process due to the Debye-like relaxation and a '( ) T ε decreasing process of the relaxation strength.
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